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Background
The use of left ventricular assist devices is an accepted therapy for patients with refractory heart failure, but current pulsatile volume-displacement devices have limitations (including large pump size and limited long-term mechanical durability) that have reduced widespread adoption of this technology. Continuous-flow pumps are newer types of left ventricular assist devices developed to overcome some of these limitations.
Methods
In a prospective, multicenter study without a concurrent control group, 133 patients with end-stage heart failure who were on a waiting list for heart transplantation underwent implantation of a continuous-flow pump. The principal outcomes were the proportions of patients who, at 180 days, had undergone transplantation, had cardiac recovery, or had ongoing mechanical support while remaining eligible for transplantation. We also assessed functional status and quality of life.
T herapy with a left ventricular assist device is an established form of treatment for patients with refractory heart failure. 1 In the United States, most patients undergoing implantation of such a device as a bridge to heart transplantation have received support from pulsatile volume-displacement devices that fill with and eject blood in a cyclic fashion that is analogous to the systole and diastole of the native heart. 2-7 These devices provide excellent hemodynamic support and improve survival but have substantial constraints, including the need for extensive surgical dissection, the requirement that the recipient have a large body habitus, the presence of a large-diameter percutaneous lead, audible pump operation, and limitations in long-term mechanical durability that frequently require subsequent operations for device exchange. 8, 9 More recently, several left ventricular assist devices have been developed with continuous-flow, rotary-pump technology (Fig. 1) . One advantage of these newer pumps is a smaller device size, with the potential for extending therapy to underserved populations, including some women and adolescents. 9,10 Another advantage is the potential for greater long-term mechanical reliability owing to a simplified design that requires only a single moving part, an internal rotor. Other benefits include less noise from the device and greater comfort for patients than with the typical pulsatile device.
Continuous-flow pumps -including the HeartMate II Left Ventricular Assist System (Thoratec), 10 the MicroMed DeBakey Ventricular Assist Device (MicroMed), 11 the Jarvik 2000 Heart (Jarvik Heart), 12 and the VentrAssist Left Ventricular Assist System (Ventracor) 13 -are the subject of ongoing clinical evaluation in the United States. We report on results from a large observational clinical study of a continuous-flow left ventricular assist device.
Me thods
Study Design
The study was conducted at 26 centers in the United States between March 2005 and May 2006 and was supervised by the sponsor (Thoratec). Investigators in the clinical affairs and biostatistics departments at Thoratec designed the trial in ongoing consultation with the Food and Drug Administration (FDA) and the clinical investigators.
Coordinators at each site collected all study data, which were then forwarded to the data analysis center of the sponsor. The academic authors had independent access to the data; they vouch for the completeness and accuracy of the data and the analyses.
A data and safety monitoring board, consisting of five independent physicians who were not investigators in the study, met routinely to review study compliance, adverse events, quality of life, and outcomes of patients. These five physicians were compensated for their time, but none have any financial interest in Thoratec or stand to gain financially from the outcome of the trial. A clinical events committee of four independent physicians reviewed, classified, and adjudicated the causes of death and all adverse events.
The study was conducted in compliance with FDA regulations for Good Clinical Practices. The protocol was approved by the FDA and the institutional review board at each participating center.
Study Subjects
Patients with end-stage heart failure who were on a waiting list for heart transplantation at each center were eligible for study enrollment. (Detailed inclusion and exclusion criteria are listed in the Supplementary Appendix, available with the full text of this article at www.nejm.org.) Patients were required to have symptoms of New York Heart Association (NYHA) class IV heart failure and to be ill enough to have high priority for transplantation (United Network for Organ Sharing status 1A or 1B). Exclusion criteria included severe renal, pulmonary, or hepatic dysfunction; active uncontrolled infection; a mechanical aortic valve; aortic insufficiency; an aortic aneurysm; the presence of other mechanical circulatory support, except for an intraaortic balloon pump; and technical obstacles thought by the investigator to pose an increased surgical risk. All participating patients provided written informed consent.
Baseline Assessment
We collected baseline data on all enrolled patients. Assessments included demographic characteristics, health history, NYHA functional class, surveys on quality of life (Minnesota Living with Heart Failure and Kansas City Cardiomyopathy questionnaires), blood chemical values, hematologic data, neurologic status, and concomitant medications.
The pump used in this study was the Heartmate II LVAD (Thoratec), which is a continuous-flow device consisting of an internal axial-flow blood pump with a percutaneous lead that connects the pump to an external system driver and power source (Fig. 1) . 10 The pump contains an internal rotor with helical blades that curve around a central shaft. When the rotor spins on its axis, kinetic energy is imparted to the blood, which is drawn continuously from the left ventricular apex through the pump and into the ascending aorta. The pump has an implant volume of 63 ml and generates up to 10 liters per minute of flow at a mean pressure of 100 mm Hg. Details of the device's function and the approach to surgical implantation have been described elsewhere. 10,14
Follow-up after Device Implantation
After implantation of the device, a standardized antithrombotic regimen was implemented with initiation of heparin followed by transition to warfarin as well as aspirin and dipyridamole (see the Supplementary Appendix). Postoperative medical care (including inotropic, antiarrhythmic, and heart-failure therapy) was managed according to each investigator's preference and usual practice. Data on performance of the device and hemodynamics of patients were recorded every 8 hours for 3 days, daily through day 14, and weekly through day 30 while the patient was hospitalized. The results of a physical assessment and laboratory tests and a list of medications were recorded on days 1, 3, 5, 7, 11, 14, 21 , and 28 after implantation of the device while the patient was hospitalized. After 30 days, device measurements, laboratory evaluations, and physical assessments were required on a monthly basis.
After patients were discharged home, they were assessed over the telephone at least every 2 weeks; they returned to the investigational study site for follow-up, equipment review, and general status assessment weekly for the first 4 weeks and then monthly until the final outcome. Assessment of quality of life and a 6-minute walk test were completed at baseline and 1 month, 3 months, and 6 months after implantation of the device. Readmissions to the hospital and adverse events (in- The inflow cannula is inserted into the apex of the left ventricle, and the outflow cannula is anastomosed to the ascending aorta. Blood exits through the left ventricular apex and into the left ventricular assist device, which pumps throughout cardiac diastole and systole into the ascending aorta, with the rotor being the only moving part. The left ventricular assist device pump is placed within the abdominal wall or peritoneal cavity. A percutaneous lead carries the electrical cable to an electronic controller and battery packs, which are worn on a belt and shoulder holster, respectively. 
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cluding suspected device malfunction) were recorded throughout the study as they occurred with the use of standardized definitions (see the Supplementary Appendix). All deaths of patients and causes of death were determined at autopsy when possible or by examination of medical records or by interviews with family members. Final adjudication was determined by the clinical events committee.
outcomes
The principal outcomes were the proportions of patients who, at 180 days, had undergone transplantation, had undergone explantation of the device because of recovery of ventricular function, or had ongoing mechanical support and remained eligible for transplantation (i.e., were not removed from the waiting list owing to irreversible complications or clinical deterioration). Secondary outcomes included overall survival, survival while receiving device support, survival after transplantation, frequency of adverse events, assessment of functional class by a 6-minute walk test, independent evaluation of NYHA functional class by a physician, and quality of life. Patients who had the original continuous-flow pump replaced with another identical device and survived to 180 days were included in the group meeting the principal outcomes, whereas the three patients who had the original pump replaced with a different type of device were not included.
Statistical Analysis
Differences between measures of hemodynamics and quality of life before and after implantation of the device were analyzed with the use of an independent-samples t-test. For a comparison between categorical variables, Fisher's exact test was used. The level of statistical significance was set at P<0.05. All statistical comparisons are two-sided. Biochemical and hemodynamic variables are presented as means (±SD), and medians and ranges were used where appropriate. Discrete variables are presented as percentages. Adverse events are presented both as the percentage of patients who had the event and as event rates per patient-year. Survival analysis for patients continuing on mechanical support was performed with the use of the Kaplan-Meier method with censoring for heart transplantation or cardiac recovery.
R e sult s
Study Patients
A total of 133 patients who met study-entry criteria were enrolled in the study and underwent implantation of the continuous-flow pump as a bridge to cardiac transplantation. Most subjects were men with an average age of 50 years, and the primary cause of heart failure for the majority of patients was nonischemic cardiomyopathy (Table 1) . Optimal oral medical therapy had failed in all patients, and all patients were receiving intravenous inotropic therapy, with 25% requiring more than one inotrope. Eleven percent of patients could not tolerate inotropes owing to cardiac arrhythmias. Forty-one percent of patients were on concomitant support with an intraaortic balloon pump.
Clinical Course
Five patients (4%) received temporary support from right ventricular assist devices for 3 to 93 days. These devices included two paracorporeal pneumatic devices and three short-term centrifugal pumps, two of which were converted to pneumatic devices. The median duration of postoperative inotropic support was 7 days. Seventeen patients (13%) required inotropic support for more than 14 days for right ventricular dysfunction. At 24 hours after implantation of the device, the cardiac index (liters per minute per square meter of body-surface area) increased from a mean (±SD) of 2.0±0.6 preoperatively to 2.8±0.7 (P<0.001); at the same time, pulmonary-capillary wedge pressure decreased from 26±8 to 16±5 mm Hg, and mean pulmonary-artery pressure decreased from 37±10 to 26±7 mm Hg (P<0.001 for both comparisons). The average pump flow index was 2.6±0.5 liters per minute per square meter on the first day at a mean pump speed of 9236±496 rpm and increased to 2.8±0. T h e n e w e ng l a Table 2) . Measures of quality of life significantly improved after device implantation on the basis of both survey instruments used (P<0.001).
Outcomes
All 133 patients were followed for at least 180 days or until either transplantation or death. Of these patients, 100 (75%) reached the principal outcomes of heart transplantation, cardiac recovery, or survival at 180 days with ongoing mechanical support and eligibility for transplantation (Table 3) . Of these 100 patients, 56 underwent heart transplantation, 43 continued to receive support and were eligible for transplantation, and 1 did not need transplantation after recovery of cardiac function and explantation of the device ( Fig. 2A) . Of the 43 patients remaining on device support at 180 days, 32 were on the active list for heart transplantation, and 11 remained eligible for transplantation, including 4 who removed themselves from the transplantation list owing to a preference to continue mechanical support. Among the 33 patients with unsuccessful outcomes were 25 patients who died before 180 days of support, with a median time to death of 38 days (range, 6 to 144). In addition, five patients became ineligible for transplantation during mechanical support owing to irreversible medical complications, and three patients underwent replacement of the continuous-flow pump with a different type of ventricular assist device (because of surgical complications that occurred shortly after pump implantation) and were withdrawn from the study. Two patients who underwent replacement of the continuous-flow pump with a second identical pump remained in the study, were alive on mechanical support at 216 and 367 days after the replacement, and are included as survivors in the actuarial survival curve. The overall rate of survival to transplantation, recovery, or continued support with no pump replacement was 75% at 180 days (Table 3) .
Overall actuarial survival for patients continuing to receive pump support was 89% at 1 month, 75% at 6 months, and 68% at 12 months (Fig. 2B) . The median duration of support was 126 days (range, 1 to 600), with a mean of 168±148 days during a cumulative follow-up of 61.7 patientyears. The median time to transplantation was 97 days (range, 15 to 498), and the median time to cardiac recovery for three patients was 347 days (range, 161 to 380).
Twelve patients (9%) underwent transplantation during their initial hospital stay, and 18 patients (14%) died before discharge while receiving mechanical support. One hundred patients (75%) were discharged from the hospital while receiving mechanical support, with a median hospital stay after surgery of 25 days (range, 10 to 114). The median number of days out of hospital before transplantation, readmission, or death was 60 (range, 0 to 418). Fifty-four discharged patients required rehospitalization for complications, with a median duration of rehospitalization of 4 days (range, 0 to 57).
Adverse Events
The most common adverse event was bleeding, primarily in the early postoperative period (Table  4) . Eight patients (6%) had an ischemic stroke, and three (2%) had a hemorrhagic stroke. Five of these 11 events occurred within the first 2 days after device implantation. Five additional patients had transient ischemic attacks that were completely reversed. Nine patients were reported to have psychological symptoms. Eight patients had other neurologic events, six of which were completely reversed. Localized infection not related to device implantation occurred in 28% of patients, whereas device-related infection was observed in 14% of patients, with all infections involving the percutaneous lead and none involving the pump pocket. Five devices were replaced: two for pump thrombosis at 24 and 56 days after implantation and three for complications related to surgical implantation at 1, 15, and 32 days (Table 4) .
The causes of death in the first 180 days after device implantation included sepsis (five patients), ischemic stroke (five), multisystem organ failure (four), hemorrhagic stroke (three), anoxic brain † Of the 82 patients who were alive at 3 months, 4 did not undergo NYHA evaluation because of issues related to staff availability, scheduling, or oversight. ‡ Patients in this category were assigned 0 m in distance walked. § Some patients did not perform the indicated tests or complete the questionnaire because of issues related to staff availability, scheduling, or oversight; other patients underwent heart transplantation or died during the interval. ¶ Performance was compared with that at baseline measurement. ‖ Scores on the Minnesota Living with Heart Failure questionnaire range from 0 to 105, with higher scores indicating a worse quality of life. ** Scores on the Kansas City Cardiomyopathy questionnaire range from 0 to 100, with higher scores indicating a better quality of life. 892 injury (two, one after a protamine reaction and one after a hemothorax with cardiac arrest), right heart failure (two), and miscellaneous other causes (four). There was one device-related death caused by an inflow graft that was accidentally twisted during implantation.
Dis cus sion
In this study, we evaluated the use of a continuousflow left ventricular assist device as a bridge to heart transplantation. We found that this device provided effective mechanical circulatory support in patients with refractory heart failure. Circulatory support with the continuous-flow pump significantly improved the hemodynamic status of patients and was associated with significant improvements in functional status, as assessed with a 6-minute walk test, and in NYHA functional class and quality of life, as measured by both the Minnesota Living with Heart Failure and Kansas City Cardiomyopathy questionnaires. The use of a continuous-flow pump was not without the risk of complications. Significant adverse events included postoperative bleeding, stroke, right heart failure, and percutaneous-lead infection. At 6 months, 19% of patients had died while on device support, 4% had medical complications that precluded transplantation, and 2% had had their devices replaced by another type of left ventricular assist device. Although some of these events may be attributable to the severity of the patient's illness rather than to the device itself, they are indicative of the risks faced in this setting.
It has previously been shown that therapy with a left ventricular assist device substantially improves survival in patients with refractory heart failure. In a randomized comparison of patients ineligible for heart transplantation, the survival of patients assigned to ventricular assist support was 52% at 1 year, as compared with 25% for those assigned to medical therapy alone. 15 Although randomized comparisons have not been performed in patients who are mechanically bridged to transplantation, the magnitude of benefit of device support appears to be similar in this population. 2 We did not perform a direct comparison between patients receiving the continuous-flow pump either with those not receiving any device support or with those receiving a pulsatile-flow device. However, in previous reports involving patients who received pulsatile-flow pumps, approximately 70% of patients survived to transplantation or cardiac recovery. 2,4,7 In our study, the overall survival of patients who underwent transplantation, recovered cardiac function, or continued to receive mechanical support while remaining a candidate for transplantation was estimated to be 70% at 1 year. ‡ An additional two patients had recovery with the device removed at 347 and 380 days. § One patient subsequently died at 326 days. ¶ Of 11 patients who were eligible for transplantation, 4 removed themselves from the waiting list owing to a preference to continue mechanical support (1 of whom underwent transplantation at 21 months); 3 were not on the list because of inadequate social support and smoking, alcohol abuse, or a failed drug test; 3 had reversible illness (1 of whom subsequently underwent transplantation at 16 months and 1 of whom was on the waiting list at 7 months); and 1 was being evaluated for potential cardiac recovery but was placed on the waiting list at 13 months. ‖ Two patients subsequently died at 184 and 191 days. ** This category includes the 100 patients who met the principal outcomes plus 5 patients who remained on device support but were not eligible for transplantation owing to medical issues. † † This category includes the 105 patients listed above minus 5 patients who received pump replacements (3 who withdrew from the study and 2 who remained in the study on continuous-flow LVAD support). ‡ ‡ Plus-minus values are means ±SE for actuarial survival. § § For patients who reached the stated interval (actual survival).
The 
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The current FDA-approved devices that have a pulsatile, volume-displacement design have significant limitations related to the size of the device, limited mechanical durability, and adverse events, such as infection. The effort to develop alternative approaches to ventricular assist device support has been in part motivated by these perceived shortcomings of the pulsatile pumps. In our study, adverse events per patient-year with the continuous-flow pump showed an acceptable risk profile, as compared with that reported for a pulsatile-flow pump, 2 with respect to bleeding requiring surgery (0.78 vs. 1.47 events per patientyear), drive-line infection (0.37 vs. 3.49), stroke (0.19 vs. 0.44), other nonstroke neurologic events (0.26 vs. 0.67), and right heart failure requiring a right ventricular assist device (0.08 vs. 0.30). The higher incidence rate of infection with the pulsatile-flow pump in the previous study may have been related in part to the large diameter of the percutaneous lead (which is 50% larger than that of the continuous-flow pump used in our study) and the absence of a restraining device or belt to limit the movement of the percutaneous lead.
Although continuous-flow pumps may have some advantages over pulsatile pumps, as suggested by these comparisons, the devices also pose new or continuing challenges related to the treatment of patients. These issues include the risk of pump thrombosis and thromboembolism, with the requirement for higher levels of antithrombotic therapy than are required for some pulsatile devices and a consequent risk of bleeding. Infection remains a potential concern, as with all circulatory devices that have a percutaneous component. Mechanical failure may not be totally obviated by continuous-flow pump technology, although it appears to be less frequent than with some pulsatile pumps. Other issues include the need to determine the optimal pump-speed settings to provide sufficient blood flow without ventricular arrhythmias and difficulty in detecting vital signs in a systemic circulation with minimal pulsatility. A previous concern that diminished pulsatile pressure and flow might have unfavorable effects on major organ function has been dispelled, 16 although few patients have received support for very extended periods. 17 Several limitations of our study should be noted. As mentioned above, we did not perform a direct, randomized comparison of the continuousflow pump with any other device or with medical management alone, and thus we cannot describe the comparative benefits of this form of therapy. We were not able to assess the functional status and quality of life of all patients in our study, which raises the concern that the estimates of typical benefit with respect to these end points may be subject to ascertainment bias. Finally, a Panel A shows all outcomes over time. After 6 months of mechanical support, the outcomes were as follows: 56 patients had undergone heart transplantation (42%); 48 continued to receive mechanical support (36%), 5 of whom were ineligible for transplantation; 25 had died while receiving mechanical support (19%); 3 had withdrawn from the study (2%); and 1 had had recovery of ventricular function after explantation of the device (1%). A total of 105 patients (79%) had undergone transplantation, had undergone explantation of the device with recovery of ventricular function, or continued to receive mechanical support. Panel B shows the Kaplan-Meier analysis of survival for patients who continued to receive mechanical support, with data censored for heart transplantation and recovery of ventricular function. Withdrawal from the study was counted as a death.
